




STUDY OF PASSIVE DECK-FLAPS FLUTTER CONTROL SYSTEM ON FULL BRIDGE MODEL. II: RESULTS
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ABSTRACT
Using the analytical format set forth in the first of these two companion papers, numerical simulations of a passive aerodynamic control method for suppression of the wind-induced instabilities of a very long span bridge are presented in this paper. At first, the aerodynamic stability of the uncontrolled system is discussed using a sectional model and full bridge model, respectively. Next, the efficiency of the proposed asymmetric and symmetric cable connection control systems is studied. Both systems offer similar maximum improvements in critical wind speed. The asymmetric cable connection system turns out to be very sensitive to horizontal motions, which strongly degrade its effectiveness. On the contrary, the symmetric cable connection system is not sensitive to horizontal motions, but its efficiency is limited by divergence.





	In Part I of these two companion papers, the concept and theoretical formulation of the passive aerodynamic flutter control system was presented. This paper, Part II, is devoted to numerical studies of the system. At first, the aerodynamic stability of an uncontrolled bridge deck is discussed. The changes of the poles of the system with increasing wind speed are evaluated and critical wind speeds for flutter and divergence are found using a sectional model and full bridge model, respectively.
	The remainder of the paper is dedicated to studies of controlled systems. The effectiveness of the proposed asymmetric and symmetric cable connection control systems is assessed. The results obtained with the sectional model are compared with those of the full bridge model. Using the full bridge model, the influences of the horizontal motions of the deck and main cables and the locations of control flaps along the bridge are discussed.
Description of the analyzed suspension bridge
The model of a suspension bridge used in the analysis is taken from Wilde and Fujino (1999). The geometry of the structure is shown in Fig. 1. The main span has a length of , and the side spans of  each. The main cables have a sag of . The length of the shortest hanger cables is . The dimensions and structural properties of the girder are as follows: width , depth , distance from girder rotation center to hanger cables , mass per unit length , second order mass moment of inertia per unit length , second order moment of inertia for horizontal bending, vertical bending and torsion ,  and , respectively, and the Young and shear modulus  and , respectively. The main cables have the following dimensions and structural properties: distance between main cables’ axes , diameter , mass per unit length , cross section area  and the Young modulus . The girder is assumed to form a continuous three-span beam with fixed horizontal, vertical and torsional displacements at the embankments and towers. The boundary conditions for the main cables are: fixed longitudinal, horizontal and vertical displacements at the anchorage and fixed horizontal and vertical displacements at the towers. For the purpose of analysis of free vibrations, the structure was discretized such that 8 finite elements of equal length were used for the main span and 2 finite elements of equal length for each of the side spans. The structural damping was assumed to be proportional, and the global structural damping matrix was evaluated as
		(1)
The first 15 modes of free vibration are listed together with their frequencies and damping ratios in Table 1.
FLUTTER ANALYSIS
Sectional Model
	For the sectional studies, modes 4 and 14 were chosen. These modes represent the lowest frequency symmetric vertical and torsional modes, respectively. Their circular frequencies are  and , whereas their structural damping ratios are  and . In this study, RFA of the Theodorsen function after Omenzetter et al. (2000b) is used
		(2)
	The variations of poles of the bridge for wind speed from 0 m/s up to 100 m/s are shown in Fig. 2. In addition to the two oscillatory modes 4 and 14, there two nonoscillatory aerodynamic modes that correspond to aerodynamic states. The flutter wind speed is found to be . At this wind speed the real part of the eigenvalue corresponding to mode 14 becomes positive. The aerodynamic pole becomes unstable at a wind speed of . Since this mode is described by a purely real eigenvalue, the corresponding motion is nonoscillatory, and is referred to as divergence.
Full Bridge Model
The variation of poles of the lower natural frequency structural modes and aerodynamic modes for wind speed from 0 m/s up to 100 m/s is shown in Fig. 3. Flutter instability occurs at wind velocity of . However, unlike in the case of a simple sectional model, a multimodal interaction can be observed. Three symmetric modes play a predominant role in the onset of flutter at this wind speed, namely modes 4, 11 and 14. Modes 4 and 11 are vertical at zero wind speed, whereas mode 14 is torsional. The imaginary part of the pole of mode 4 does not change significantly in the considered wind velocity range, but the real part rapidly moves away from the imaginary axis as the wind velocity increases, indicating strong damping of this mode. Additional simulations showed that in the considered wind velocity range, mode 4 is always vertically dominant.
	The eigenvalues of mode 14, for wind speed up to approximately 40 m/s decrease slowly in the real as well as the imaginary part. However, for wind speeds above 40 m/s, they start to move rapidly away from the imaginary axis, with the imaginary part almost unchanged (inset in Fig. 3). Mode 11 shows a contrary behavior. Up to approximately 30 m/s, its eigenvalues move away from the imaginary axis, but beyond this velocity, their imaginary parts start to decrease rapidly. Beyond 40 m/s this pole begins to approach the imaginary axis, and at 58 m/s it turns unstable. The combined path of the poles of mode 14 below 40 m/s  and mode 11 beyond 40 m/s resembles the path of the poles of the torsional mode 14 in the case of the sectional model. Better understanding of the onset of flutter may be obtained by observing changes in the shapes of modes 11 and 14, shown in Figs. 4 and 5, respectively.
	Mode 11 for zero wind velocity is purely vertical with dominant displacements of the side spans. The modal shape along the main span has the shape of the letter M. This mode shape prevails up to wind speeds of around 40 m/s and coincides with the poles moving away from the imaginary axis. The range of wind velocities from 40 m/s to 60 m/s is an intermediate one, in which mode 11 changes its vertical displacement configuration along the main span into a nearly half-sinusoidal shape. In addition, a torsional component of considerable amplitude develops in that wind range. This corresponds to a rapid decrease of modal damping and stiffness, and finally instability at 58 m/s. The shapes of the vertical and torsional components of flutter mode 11 closely resemble those of the symmetric vertical and torsional modes of free vibrations (i.e., modes 4 and 14 at zero wind speed).
	Mode 14 does not have a vertical component at zero wind velocity. Below a wind velocity of 40 m/s, a large value of torsional component may be observed, and at the same time the imaginary part of the pole of mode 14 decreases. For wind speeds above 60 m/s, the torsional component diminishes and becomes negligible. In addition, for these wind speeds the vertical component resembles very closely the shape of mode 11 at zero wind speed, and does not alter significantly as the wind speed increases. In this wind velocity range, the pole of mode 14 rapidly moves away from the imaginary axis with its imaginary part almost unaffected.
	The shapes of modes 11 and 14 show that, in the wind speed range from 40 m/s to 60 m/s, the shapes switch between the two considered modes. This happens when the poles of the modes are very close to each other. A similar behavior of eigenvalues has been observed in some previous studies (Agar 1989, Chen et al. 1999), although changes in modal shapes were not discussed. Complicated multimodal interaction causes the critical wind speed to be higher by 4 m/s (7.5%) as compared to the prediction obtained from the sectional analysis.
	The critical divergence wind speed is found to be  and is the same as that obtained from the sectional study. This good agreement might be attributed to the fact that, unlike in the case of flutter, the aerodynamic mode which becomes unstable is not strongly coupled with other modes.
PASSIVE CONTROL Analysis
	The performance of the passive deck-flaps control system is studied separately for the asymmetric cable connection system (Fig. 1a, Part I) and the symmetric cable connection system (Fig. 1b, Part I). The considered flap sizes are ,  and , and the flaps are assumed to be made of steel plates of thickness . For the study on the full bridge model, the control flaps are assumed to be located on 30%, 50% and 100% of the length of the main span (Fig. 6). Absolute values of the control gains,  and , are confined in the interval . The stiffness of the springs at the deck-flaps connection,  and , as well as damping coefficients,  and , are all set to zero. The reason for setting the stiffness of the springs at the deck-flaps connection to zero is that neither the spring stiffness nor the prestressing moment can be known a priori as they depend on flap size, control gains and intensity of buffeting excitation. Therefore, to keep the problem simple, the spring stiffness is ignored and the parametric study considers only the influence of control gains on critical wind speed. This is equivalent to the assumption that the stiffness and prestressing moment, although unknown, are sufficiently large to keep the control cables taut for all the time. The issue of spring stiffness was discussed in Omenzetter et al. (2000a, b) where this stiffness was also assessed through study on a nonlinear sectional modal of the bridge deck for two particular cases of flap sizes and control gain values.
Asymmetric cable connection system
	The values of the critical wind speed for the sectional model of the asymmetric cable connection system for different flap sizes are shown in Fig. 7. In this simulation the control gains for the leading and trailing flaps were assumed to be equal, . It can be seen that this system, judged on the basis of the sectional study results, exhibits a very large improvement in critical wind speed in the selected control gain range. For flaps of larger width, it falls much beyond the values required for practical purposes, e.g. the Akashi Kaikyo Bridge has  (Fujino et al. 1992).
	In the study of passive control systems on the full bridge model, two issues are considered: the influence on system efficiency of the location of flaps as well as horizontal motions of the deck and main cables. In order to assess the importance of the latter problem, it is necessary to study at first the simplified control law [Eq. (35), Part I], in which the influence of horizontal motions on flap rotations is neglected. The results of such a study for a system with flaps of  and different locations of flaps along the bridge are shown in Fig. 8; they show that the maximum critical wind speed generally increases with any increase in control gain and length of the part of the bridge equipped with flaps. Additional simulations revealed that the maximum critical wind speed increases with any increase in flap width as well. Fig. 8 shows that if the influence of horizontal motions on flap rotation is ignored, the full bridge model and the sectional model reveal a similar tendency in the efficiency of the asymmetric cable connection system.
	The results from studying the full control law (33, Part I), in which the influence of horizontal motions on flap rotations is taken into account, for a system with flaps of  and different locations of flaps along the bridge are shown in Fig. 9. For small values of control gain, the results do not differ much as compared to the case of the ignored horizontal motion influence. However, for large control gains, a significant reduction in the critical wind speed can be observed.  For large control gains, the forces generated on the flaps are also large and they result in strong coupling between flap rotations and horizontal motions of the deck and the main cables. This coupling turns out to dramatically deteriorate control efficiency.
	The optimal configuration of the control system is looked for through a search for the control gains which give maximum improvement in critical wind speed. The gains for the leading and trailing flaps are allowed to assume values independent from each other. The maximum critical wind speeds and selected optimal control gains for the considered flap widths and locations are shown in Table 2. In selecting the optimal configuration of the control system, its merits and demerits should be carefully weighed. The goal is to obtain a high critical wind speed using a system with small flaps, a small part of the span equipped with flaps and small control gains. Furthermore, the control system should be robust against unexpected changes in control gain values. Based on the results shown in Table 2, the selection of the optimal asymmetric cable connection system is not unique. The authors’ choice is a system with flaps of  located on 50% of the main span. The optimal gains were in this case selected as
	,   	(3a, b)
Fig. 10 shows the poles of the bridge controlled by a system employing flaps of width 2.0 m located on 50% of the main span, and governed by control law (3). In the onset of flutter for the uncontrolled bridge, symmetric modes 4, 11 and 14 played the most important role. Therefore, it is of principal interest to observe changes in these modes caused by the control system. With an increase in wind speed, the poles of vertical mode 4 rapidly move away from the imaginary axis with the imaginary parts only slightly changed. This is similar to the behavior of the mode in the uncontrolled bridge and indicates that the mode is strongly damped and stable. Vertical mode 11, which in the case of the uncontrolled bridge gave origin to the flutter mode, remains stable in the considered wind speed range for the controlled system. At the beginning, as the wind velocity increases, its poles move away from the imaginary axis with the imaginary parts almost unaffected. This behavior is typical for vertical modes. However, in the vicinity of 60 m/s, the real part first starts to approach the imaginary axis, and then again moves away from it. This coincides with the onset of flutter. The mode which gives origin to the flutter mode is torsional mode 14. Deterioration of modal stiffness with increasing wind speed is not as strong as in the case of the uncontrolled bridge, and the imaginary parts are not so strongly altered in the considered wind speed range. The action of control flaps separates the frequency of this mode from the frequency of mode 4, and hence increases the flutter velocity. The real parts, for the wind speed up to 65 m/s, are kept away from the imaginary axis, although, beyond this wind speed they start to approach rapidly the imaginary axis, and the mode becomes unstable at 67 m/s.
Symmetric cable connection system
	The values of the critical wind speed for the sectional model of the symmetric cable connection system for different flap sizes are shown in Fig. 11. To preserve the system’s symmetry, which is its great advantage, the absolute values of the control gains for the leading and trailing flaps were assumed equal, . The highest value of critical wind speed for the sectional model equals 69 m/s and is attained for all the considered flap sizes.
	The results of a study on the full bridge model of the simplified control law [ Eq. (35), Part I], in which the influence of horizontal motions on flap rotations is neglected for a system with flaps of 1.0 m and different locations of flaps along the bridge are shown in Fig. 12. The results of a study of the full control law [Eq. (33), Part I], in which the influence of horizontal motions on flap rotations is accounted for, are shown in Fig. 13. It can be seen that the maximum critical wind speed for the symmetric cable connection system is not sensitive to horizontal motions and only a slightly larger control gain must be used to obtain it, if the influence of horizontal motions on flap rotation is taken into account.
	The optimal configuration of the control system is looked for through a search for the control gains which give maximum improvement in critical wind speed. The maximum critical wind speeds and selected optimal control gains for the considered flap widths and locations are shown in Table 3. The maximum critical wind speed does not differ much for all the considered control system configurations. It can be seen, however, that the larger the flaps and the part of the bridge equipped with flaps, the smaller the control gains required to obtain the maximum critical wind velocities. Based on the results shown in Table 3, a system with flaps of  located on 50% of the main span was chosen. The optimal gains were in this case selected as
	,   	(4a, b)
Fig. 14 shows poles of the controlled bridge with the control system employing flaps of width 1.0 m located on 50% of the main span, and governed by control law (4). Inspection of the behavior of the system eigenvalues shows that up to a wind speed of 60 m/s, the poles of vertical mode 4 rapidly move away from the imaginary axis with the imaginary parts only slightly changed. However, beyond 60 m/s, modal stiffness rapidly decreases. At a wind speed of 69 m/s, this mode turns unstable due to divergence. Vertical mode 11, which in case of the uncontrolled bridge gave rise to the flutter mode, remains stable for the controlled system in the considered wind speed range and behaves similarly to other vertical modes, i.e. its poles rapidly move away from the imaginary axis as the wind velocity increases. For torsional mode 14, up to a wind speed of 60 m/s, the stiffness deteriorates with increasing wind speed, but damping is not strongly altered. However, beyond this wind speed the real parts rapidly move away from the imaginary axis as the wind velocity increases, while the imaginary parts are not strongly altered. For a high wind velocity, the action of the control flaps increases the damping of this mode, and in this way prevents the onset of flutter.
CONCLUSIONS
	Numerical simulations of a 3D FEM model of a suspension bridge are used to study flutter and its suppression by a passive aerodynamic bridge-deck flaps control system. First, the aerodynamic stability of the uncontrolled bridge is discussed. Strong multimodal interaction can be observed in the full bridge model, which leads to flutter instability. This complex behavior results in the flutter critical wind speed being approximately 7.5% higher than that obtained from the studies on the sectional model. On the other hand, the critical divergence wind speed agrees very well with the prediction from the sectional analysis.
	The analysis of the passive control systems focused mainly on the influence on the system performance of horizontal motions and location of flaps along the bridge. The analysis of the asymmetric cable connection system revealed that significant coupling of flap rotations with horizontal motions of the deck and the main cables causes any improvement in critical wind speed to be limited. In addition, the system configuration must be changed as the wind direction changes. Although the effectiveness of the symmetric cable connection system is also limited, in this case due to divergence, it offers a slightly better improvement in critical wind speed than the asymmetric cable connection system. However, this system can work properly for wind coming from any direction, an advantage which makes it the superior choice.
	Future analytical research should address the buffeting response of the 3D model of the controlled bridge and precise evaluation of forces in the system supporting the flaps. Moreover, since the present study is of a theoretical nature, there is a strong need for experimental verification of the proposed flutter control method.
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